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Tp*MoOX; complexes (Tp* = hydrotris(3,5-dimethylpyrazol-1-yl)borate; X = F, Cl, Br) were synthesized by
treatment of Tp*MoO(OCH3;), with HX(aq) or HX(g) and characterized by infrared, EPR, and optical spectroscopies
and by cyclic voltammetry. The IR of the complexes showed high vpme=0 stretching frequencies consistent with
the relatively poor m-donating ability of the halides. The relative values of gis for the series was Br > Cl > F

Mo

with an opposite trend in A;,. Extensive ligand superhyperfine splitting was observed in the EPR spectra of
frozen glasses of the fluoride and bromide complexes. Cyclic voltammetry exhibited quasi-reversible one-electron
reductions with potentials that followed the trend Br > Cl » F.

Introduction

The {MoYO}** moiety continues to be of considerable
relevance to the study of the active sites of molybdenum
oxidoreductase enzymes.! The d' electronic structure of Mo-
(V) makes it especially suitable for characterization by EPR
spectroscopy, and many spectra of oxidoreductase active sites
and synthetic models have been published.'*?~> The detailed
relationships among EPR parameters, electronic structure, and
coordination environment have not, however, been well defined.
The best characterized cases®’ are based on ions such as
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[MoOX,]"=3~ (X =F, Cl, Br; n = 4, 5) which have relatively
high symmetry (C4,). In order to understand how low-sym-
metry effects are manifested in the EPR parameters, we have
sought synthetically accessible low-symmetry {MoY0}** com-
plexes in which the ligands may be rationally and systematically
varied.

The Tp*MoOXY series of complexes (Tp* = hydrotris(3,5-
dimethylpyrazol-1-yl)borate anion; X, Y = variable ligands) is
attractive since much of its synthetic chemistry has been
established® and the complexes have low point group symmetries
(Cif X=Y, Cif X=Y). Our focus here is on the dihalide
systems (X = Y = F, C], Br). These complexes constitute a
systematically varied series of related molecules in which trends
in spectroscopic parameters and electronic structure can be
explored. In many ways, these complexes represent a lower
symmetry variant of the more thoroughly studied [MoOX,]*~3~
systems.®” A detailed oriented single-crystal EPR study on
Tp*MoOX; (X = Cl, SCN) has already appeared.® The
Tp*MoOX,; series also provides good model systems for the
study of ligand superhyperfine interactions, since their spectra
exhibit fewer superhyperfine splittings than those of the tetrahalo
species. We report here efficient synthetic routes to the
previously unreported difluoride and dibromide complexes along
with characterization of the new complexes by spectroscopic
and electrochemical techniques.

Experimental Section

General Procedures. Organic solvents were dried over 3 A
molecular sieves prior to use. All other reagents were used as received.
Dry HX (X = F, C], Br) gas was obtained by dropwise addition of
concentrated HX(aq) to concentrated sulfuric acid. For X = Cl and
Br, the evolved gas was also passed through a short Drierite column.
The Tp*MoOC], starting material was synthesized according to the
literature procedure.® Elemental analyses were performed by Atlantic
Microlab, Inc., Atlanta, GA.

Tp*MoO(OCH;),. Tp*MoO(OCHj3); was synthesized by two dif-
ferent routes.

(8) (a) Cleland, W. E., Jr.; Bamnhart, K. M.; Yamanouchi, K.; Collison,
D.: Mabbs, F. E.; Ortega, R. D.; Enemark, J. H. Inorg. Chem. 1987,
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(A)° To a solution of 0.65 g (1.35 mmol) of Tp*MoOQCl; in 175 mL
of methanol was added 2.60 g of NaOH pellets. The mixture was stirred
overnight (~12 h) at 40 °C and filtered. The solvent was removed by
rotary evaporation to give a blue-green solid, which was subsequently
recrystallized by slow evaporation of a toluene solution. The yield
was 0.6020 g (1.28 mmol, 94.8%). All properties (IR, EPR, UV —vis,
electrochemistry) agree with those previously reported.®

(B) A 0.50 g (9.25 mmol) portion of NaOMe was added to a mixture
of 2.00 g (4.17 mmol) of Tp*MoOCl, in 100 mL of methanol. A small
portion (<2 g) of mossy zinc was added, and the mixture was stirred
at 40 °C for 2 h. The mixture was filtered, and the solvent was removed
on a rotary evaporator. The product was purified by column chroma-
tography on neutral alumina using dichloromethane as eluant. A 1.95
g (4.13 mmol) quantity of the blue-green product was obtained (99%
yield).

Tp*MoOF;. A 02219 g (0.4710 mmol) sample of Tp*MoO-
(OCH3); was dissolved in 40 mL of dichloromethane. Dry HF(g) was
bubbled through the Tp*MoO(OCH;); solution at a rate of ap-
proximately 45 mL/min. The solution immediately turned bright green.
After an additional hour of bubbling HF gas, the solvent was vacuum-
evaporated to yield a bright green solid (0.1204 g, 57.2% yield based
on Tp*MoO(OCH3),). The solid compound slowly decomposes to
EPR-silent products which are as yet unidentified. All characterization
data reported below were obtained on freshly prepared samples. Due
to decomposition, a satisfactory elemental analysis was not obtained.

Tp*MoOCl; via the Dimethoxy Complex. HCI gas was bubbled
through a solution of 0.2178 g (0.4623 mmol) of Tp*MoO(OCH3); in
25 mL of methanol. The color changed from blue-green to green, and
a precipitate formed. The mixture was stirred for 1 h and then filtered,
giving 0.2159 of green solid (97.3% yield). All properties agreed with
those of an authentic sample.

Tp*MoOBr:. (A) A methanol solution of 0.2058 g (0.4368 mmol)
Tp*MoO(OCH3), was treated with HBr(g) for 1 h. The mixture turned
from blue-green to brown. It was then filtered, and the filtrate was
evaporated to dryness. A 0.2060 g quantity of brown solid was obtained
(80.2% yield).

(B) To a solution of 0.4879 g (1.03 mmol) of Tp*MoO(OCH3), in
50 mL of methanol was added 5.00 mL of concentrated HBr(aq). The
mixture was stirred for 2 h, during which a precipitate formed. The
brown mixture was filtered, giving a yellow-brown solid and a brown
filtrate. The solid was washed with methanol and then dried under
vacuum. The yield was 0.2549 g (44% based on Tp*MoO(OCHs),).
Anal. Caled for CisHN¢Br.BMo: C, 31.66; H, 3.89; N, 14.77.
Found: C, 32.40; H, 4.03; N, 14.66.

Physical Measurements. Infrared spectra were obtained in KBr
pellets using a Perkin-Elmer 1600 FTIR spectrometer. Optical spectra
were obtained in dichloromethane solutions with a Hewlett Packard
8451A diode array spectrophotometer. Electron paramagnetic reso-
nance spectra were obtained at X-band frequencies with a Bruker ESP
300 spectrometer. Spectra of frozen glasses were obtained at 77 K
using an immersion finger dewar. Simulated EPR spectra were
calculated using a modified version of QPOW.!® Cyclic voltammetric
measurements were obtained using an EG&G potenstiostat—galvanostat,
Model 250. All electrochemical experiments were performed in
dichloromethane using [BusN][BF,] as electrolyte at a platinum disk
electrode and were referenced to SSCE.

Results and Discussion

Tp*MoO(OCHj3); has been previously prepared by treatment
of Tp*MoOCl, with NaOCHj in toluene.’2 We have used two
new synthetic approaches which give higher yields and higher
purity of the complex. Method A, eq 1, involves direct

Tp*MoOCl, ;-5 Tp*MoO(OCHS), )

substitution of C1~ by OCH3 ™, similar to the original synthesis.
In fact, the reaction proceeds essentially identically if NaOCHj3
is employed as the base rather than NaOH. Method B, eq 2,

(9) Wedd, A. G. Personal communication.
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NaOCH,/Zn

Tp*MoOCl, Tp*MoO(OCH,),  (2)

CH,;0H
provides the same product with a slightly higher yield over a
shorter time. For route B, there is evidence that reduction of a
portion of the Tp*MoOCI, generates a catalytic species which
accelerates the substitution reaction. The most likely scenario
is outlined in the following scheme:

Tp*MoOCl,
Zn
Tp*MoO(OCHgy), "[Tp*MoOCI,]™ 2 OCHy
Tp*MoOCl, "[Tp*MoO(OCH;),|™ 2Cr

In the proposed scheme, Tp*MoOCI; is reduced by Zn(s) to a
Mo(IV) species which is more substitutionally labile than the
Mo(V) starting material. The excess of NaOCHj3 drives the
substitution of both Cl~ ligands. The very negative Ej;; for
the Mo(V/IV) couple of the dimethoxy species (—1.100 V vs
SCE)® indicates that [Tp*MoO(OCH;),]~ is a very good
reductant. The potential of Tp*MoOCI, (—0.251 V vs SCE)%
provides a very favorable driving force for reduction by the
reduced dimethoxy complex to regenerate the putative catalytic
Mo(IV) species. In support of this scheme, it should be noted
that exhaustive reduction of a solution of Tp*MoOCl; and
NaOCHj; in CH30H can be achieved by extensive reaction with
Zn/Hg amalgam. When one drop of the resulting solution is
added to approximately 10 mL of a fresh solution of Tp*MoOCl,
in CH30H, conversion to the dimethoxy complex occurs
spontaneously with yields of >50%. In the absence of the
reduced solution, no conversion is observed.

The general synthetic scheme for the Tp*MoOX, series takes
advantage of the basicity of the coordinated methoxy ligands.
We have found that treatment of Tp*MoO(OCH;), with a
variety of HA results in the protonation and loss of the methoxy
ligands and coordination of HA. It should be noted that Cleland
et al.® have used a similar approach to Tp*MoOXY complexes
via the ethylene glycolate complex. In our hands, synthesis of
these complexes via the dimethoxy derivative, as described
above, gives considerably higher overall yields and the products
require fewer subsequent purification steps. The routes appear
to be general, as demonstrated by our ability to synthesize not
only known complexes, e.g. Tp*MoQOCl,, but also new com-
plexes with H,SO4, H3PO4, and RCOOH.!! In particular, the
complexes Tp*MoOX, (X = F, Cl, Br) can be synthesized in
high yields by treating a solution of Tp*MoO(OCHjs),; in
methylene chloride with HX gas, giving yields typically greater
than 80%. Tp*MoOCl, and Tp*MoOBr; can also be synthe-
sized by treating Tp*MoO(OCH3;), with gaseous HCl or HBr
(or concentrated HBr(aq)) in methanol. Under these conditions
the products precipitate directly from the reaction mixture in
yields of >50%.

Infrared Spectroscopy. There are two principal diagnostic
IR bands for Tp*MoOX; complexes, a Mo==0 stretch (vmo—0)
in the 900—1000 cm™! region® and a terminal B—H stretch

(10) (a) Nilges, M. J. Ph.D. Thesis, University of Illinois, Urbana, IL, 1979.
(b) Belford, R. L.; Nilges, M. J. Computer Simulation of Powder
Spectra. Abstracts of Papers; EPR Symposium, 21st Rocky Mountain
Conference, Denver, CO, 1979. (c) Maurice, A. M. Ph.D. Thesis,
University of Illinois, Urbana, IL, 1982.
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Table 1. Selected Properties of Tp*MoOX, Complexes

Tp*MoOF, Tp*MoOCl»* Tp*MoOBr;
UMo=0 (cm™}) 964.3 962.0 961.1
vp-n (cm™1) 2550.3 2558.5 2559.5
giso” 1.9331 1.9464 1.9746
A (10~ ety 510 46.4 434
At0(10-4 em™y 21.7 c c
81 1.977 1.971 2.042
82, 83 1.920, 1.904 1.944,1.932 (1.94)y
A (1074 em™) 50.0 43.7 60.0
AL (10~ cm-!) (213,160, 18.0F ¢ (39.6)f
Amax (€)8 686.0 (32) 706.0 (48) 676.0 (151)

(nm M~!em™)) 450.0 (74)
334.0 (855) sh

438.0 (1000) sh 390.0 (2638) sh
336.0 (3732) sh 300.0 (8515) sh

262.0 (4395) 280.0 (10 262) 230.0 (8664)
224.0 (11070)  228.0 (9880)

Ein (V) —0.888 —0.290 —0.186

BN - E;am vy 0.158 0.079 0.078

@iy 0.692 0.986 0.960

@ All values are within 1% of those previously reported.’3 #1In
toluene. ¢ Not resolved. ¢ Average of g, and g3 estimated from g;5, and
g1. © Estimated directly from the low-temperature spectrum. / Average
spacings of most prominent ligand hyperfine features. ¢ In dichlo-
romethane. * Average of EJ" and ES™ vs SSCE. ¢ At 10 mV/s for the
chloride and the bromide; at 5O mV/s for the fluoride.
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Figure 1. Room-temperature (left) and 77 K (right) X-band EPR
spectra in toluene of (a) Tp*MoOF,, (b) Tp*MoOCl, and (c)
Tp*MoOBr.

(vB-g, 2450—2650 cm™")!2 from the Tp* ligand. Table 1 gives
UMo=0 and vp-g for the halide complexes. Tp*MoOXY
complexes (where X and Y are variable ligands) in general
exhibit vpme=0 between 910 and 960 cm™!, and it has been
previously noted that the frequencies tend to scale inversely as
the s-donating ability of the ligands.’® This suggests that the
strength of the Mo=0 bond is significantly affected by the
m-donating ability of the variable ligands. The similar and high
values vpmo=0 for the Tp*MoOX series are consistent with the
relatively poor overall mr-donating ability of the halides. Only
small variations in vg-y are observed in the series and indicate
the insensitivity of the Tp*—~Mo bonding to changes in the
bound halide.

EPR Spectroscopy. The EPR spectra at X-band frequencies
of the halide complexes at room temperature and in frozen
toluene are shown in Figure 1. In each spectrum, molybdenum
hyperfine structure from the %*"Mo isotopes (Ix = /2, 25%
natural abundance) is clearly apparent. Additional superhyper-
fine features are resolved in both of the Tp*MoOF; spectra as

(12) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coor-
dination Compounds; John Wiley and Sons: New York, 1986.
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well as in the low-temperature spectrum of Tp*MoOBr1,. The
g values and the values of the isotropic molybdenum hyperfine
and isotropic ligand superhyperfine splittings from simulations
are given in Table 1. Complete simulation parameters and
figures of the simulated solution spectra are included in the
supplementary material. With the exception of that of
Tp*MoOCl,, the low-temperature spectra have proved too
complex for satisfactory powder patterns to be simulated.
Although the full definition of the anisotropic parameters of
the difluoro and dibromo complexes awaits the results of
oriented single-crystal studies,'? estimates of some anisotropic
parameters are also given in Table 1. A number of trends are
evident in the data. The g values of the complexes vary in the
order F < Cl < Br. The origin of this trend is a combination
of (1) increasing covalency of the ground and ligand field
excited states, (2) increasing contributions from low-lying ligand
to metal charge transfer excited states, and (3) increasing ligand
spin—orbit coupling. Similar trends have been observed,® and
the origin has been quantitatively demonstrated’ for the
[MoOX, ]~ series.

The values of the isotropic molybdenum hyperfine coupling
constants follow the trend F > C1 > Br. In the [MoOX, ]~
series, it has been demonstrated that the molybdenum hyperfine
coupling is dominated by Fermi contact and an approximately
linear relationship has been proposed between the metal
character in the ground state and the isotropic molybdenum
hyperfine coupling constant.” Assuming a similar proportional-
ity, ground state metal character in the Tp*MoOX, series
quantitatively decreases in the order F(~89%) > Cl(~86%) >
Br(~84%).

Superhyperfine features which arise from the interaction of
the ligand nuclear spin with the unpaired electron were observed
in the room-temperature spectrum of the fluoride complex and
in the low-temperature spectra of both the fluoride and the
bromide complexes. The splittings depend both on the nuclear
g value and on the unpaired spin density at the ligand. Since
chlorine has a relatively small gy (33Cl = +0.548, ¥Cl =
+0.456), splittings due to 33’Cl are not resolved even at 77 K.
Fluorine has a much larger gy ('°F = +5.258), and the splittings
are observed in fluid solution. A detailed analysis of the ligand
superhyperfine splittings will be the subject of a future paper.'?

UV-—Visible Absorption Spectra. The UV—visible spectra
of the compounds in dichloromethane are summarized in Table
1. The lowest energy band (675—710 nm) for each complex is
relatively weak and is consistent with a ligand field assignment,
as previously suggested for related complexes.®* The lowest
energy band for the bromide complex has a somewhat higher
molar absorptivity, suggesting some charge transfer character
as well in this transition. All three complexes exhibit a transition
in the 230—240 nm region which is also present for other
complexes containing Tp* (e.g., Tp*SnX3) and for the free
ligand.'! This band is assigned as an intraligand transition of
the Tp* ligand. The relatively intense absorptivity in the 300—
500 nm region of each complex is most likely due to ligand-
to-metal charge transfer transitions, but detailed assignments
of these bands will require more sophisticated spectroscopic
studies. For Tp*MoOCI; such a detailed study was recently
published'* and confirms the presence of several LMCT
transitions in the visible region. In general, it appears that the
LMCT manifold shifts to lower energy down the series X =F,
Cl, Br, as expected on the basis of the increasing ease of
oxidation of the halide.

(13) Nipales, N. S.; Westmoreland, T. D. Work in progress.
(14) Carducci, M. D.; Brown, C.; Solomon, E. I.; Enemark, J. H. J. Am.
Chem. Soc. 1994, 116, 11856—11868.
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Electrochemistry. Cyclic voltammetric data for the com-
plexes were obtained in dichloromethane and are summarized
in Table 1. The chloride and bromide complexes exhibited
quasi-reversible (i;‘,/zfJ = 1.0) one-electron reductions corre-
sponding to the Mo(V/IV) couple. For the fluoride complex
ipfit == 0.7 with a 50 mV/s scan rate and is a function of scan
rate. The value begins to approach 1.0 at slower scan rates but
is complicated by subsequent irreversible reactions. The E1p
values for the complexes indicate that the relative ease of
reduction is Br > C1 > F. It is not clear why the reduction of
the fluoride complex is so dramatically negative relative to the
other two complexes. This trend may reflect a greater effective
n-donation of fluoride to the orbital containing the unpaired
electron. Such enhanced z-donating properties were recently
noted in other systems.!> In light of the small differences in
UMo=0 discussed above, these results suggest a large anisotropy
of ;-donor interactions from the halide. The increased zz-donat-
ing ability of fluoride may relate to a shorter Mo—F bond length.
In high-valence Mo—halide complexes, Mo—F bonds are
typically 0.5 A shorter than the Mo—Cl bonds in the analogous
complexes.' Well-defined Mo(VI/V) couples were not ob-
served. In the dichloro and dibromo complexes, irreversible
oxidative waves were observed near the solvent limit (+1.2V
vs SSCE).

Concluding Remarks

Efficient synthetic routes to a homologous series of halide
derivatives of Tp*MoOX; have been developed. These com-
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plexes in general have the expected physical properties, with
the exception of the reduction potential of Tp*MoOF,. In
particular, these complexes exhibit clear trends in spectroscopic
properties which provide a basis for exploring the detailed
relationship between EPR parameters and electronic structure
for low-symmetry {MoO}3" sites.
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